The objective of this study was to determine the effects of adding ferric ammonium citrate (FAC; 300 mg ferric Fe/kg DM) to a 0.51% S diet on diet digestibility, mineral balance, and 56-d performance of steers fed a high concentrate diet. Angus-crossbred steers (n = 18) were randomly assigned to 1 of 3 treatments: 1) control diet (0.21% S; CON), 2) CON + sodium sulfate (0.51% S; high S [HS]), and 3) the HS diet + 300 mg of ferric Fe from FAC/kg DM (0.51% S; HS+Fe). This study included 2 phases, 1) a metabolism trial (d -1 to 20) and 2) a 56-d feedlot trial (d 22 to 79). In phase 1, 2 groups of 9 steers (370 ± 9.5 kg) were adapted to diet (10 d) and metabolism stalls (5 d), and following the adaptation period, a 5-d total collection of feces and urine was conducted. Feed offered and refused was recorded daily, and diet digestibility and retention of Cu, Fe, Mn, and Zn was determined. In phase 2, steers (384 ± 11.9 kg) were individually fed their respective diet in feedlot pens for 56 d and ADG was determined. From each steer, jugular blood and a liver biopsy were collected on d -1, 41, and 72 and d -1 and 72, respectively, for mineral content. Ruminal hydrogen sulfide concentrations (n = 18) were determined on d -1, 9, 23, 31, 41, 51, 61, and 72. In phase 1, DMI (P = 0.02), fecal output (P = 0.06), and intake of Cu, Mn, and Zn (P ≤ 0.04) were less in steers consuming the high S diets than CON, but DM and OM digestibility and urine excretion of minerals were not different (P ≥ 0.12) due to treatment. As a percent of intake, urinary excretion of Cu tended (P = 0.07) to be greater in the HS steers than the CON and HS+Fe steers, which did not differ (P = 0.74). In phase 2, BW, ADG, and G:F were not different (P ≥ 0.29) due to treatment, but DMI was lesser (P < 0.01) in the HS+Fe steers than CON and HS steers, which did not differ (P = 0.13). Ruminal hydrogen sulfide concentrations were greater (P < 0.01) in the steers fed high S diets than CON but were not different (P = 0.86) among the high S diets. Plasma Cu, Fe, and Zn concentrations were not different (P ≥ 0.27) due to treatment on all days. Final liver Cu concentrations were lesser (P < 0.01) in the steers fed high S diets compared with the CON, while liver Fe, Mn, and Zn concentrations did not differ (P ≥ 0.28) among treatments. In conclusion, adding Fe to a high S diet did not affect DM or OM digestibility or trace mineral absorption and status of steers relative to the HS diet alone.
INTRODUCTION
The S content of distillers grains can limit its inclusion in feedlot cattle diets, as sulfate can be toxic to cattle and manifest as polioencephalomalacia (PEM). In the rumen, dietary sulfate is reduced to sulfide or H 2 S by sulfate-reducing bacteria (SRB), and greater concentrations of H 2 S in the ruminal gas cap have been associated with incidences of PEM (Gould, 1998; McAlister et al., 1997) . The production of large amounts of H 2 S in the rumen is likely to be affected most directly by the amount of S in the diet and the population of SRB in the rumen.
Additionally, greater concentrations of dietary S have been found to decrease ADG in feedlot cattle, especially when cattle are fed high concentrate diets. A decrease in ADG is often coupled with a lesser DMI (Loneragan et al., 2001; Cammack et al., 2010) , although this is not always the case (Spears et al., 2011) . Recently, an inverse relationship has been identified between ruminal H 2 S concentrations and both ADG and DMI of finishing cattle fed high S diets (Uwituze et al., 2011) . Ferric ammonium citrate (FAC; 200 to 400 mg Fe/kg diet DM) can be used to decrease the production of H 2 S in the rumen of cattle fed high S diets and thus may negate the negative effects of high S diets on the performance of cattle. However, introducing high concentrations of dietary Fe to cattle diets, in conjunction with high S, may further limit the availability of other trace minerals, such as Cu and Mn, by decreasing the presence of intestinal transporters, such as divalent metal transporter-1 (Hansen et al., 2010) . It was hypothesized that addition of 300 mg Fe/kg DM from FAC to a high S diet would lessen H 2 S concentration in the rumen and have minimal effect on the absorption of trace minerals. The objective of this study was to determine the effects of adding 300 mg ferric Fe/kg DM, as FAC, to a high S diet (0.51% S) on diet digestibility, mineral balance, and 56-d performance of steers consuming a high concentrate diet.
MATERIALS AND METHODS
The protocol for this study was approved by the Institutional Animal Care and Use Committee at Iowa State University (number 11-10-7047-B). Angus-crossbred steers (n = 18) were equally assigned to be individually fed 1 of 3 dietary treatments (n = 6/treatment): 1) a control diet (moderate S; 0.21% S; CON), 2) the CON + sodium sulfate (high sulfur; 0.51% S; HS), and 3) HS + 300 mg/ kg of ferric Fe from FAC (0.51% S; HS+Fe; catalog number 1185-57-5; Thermo Fisher Scientific, Waltham, MA). Dietary composition is presented in Table 1 . This study was divided into 2 phases: a metabolism trial (d -1 to 20) and a 56-d performance trial (d 22 to 79).
Animals and Experimental Design
Steers (n = 18; 370 ± SEM 9.5 kg) were housed outdoors in partially covered, individual pens with automatic waterers at the Iowa State University Beef Nutrition Research Center (Ames, IA). Steers were grouped into a heavy block (n = 9 steers; 376 ± SEM 9.3 kg) and a light block (n = 9 steers; 364 ± SEM 8.7 kg) and randomly assigned within block to dietary treatment. Two consecutive periods (20 d in length) using a single block of 9 steers (n = 3 steers/treatment) were used to complete the metabolism trial. While both blocks of steers were sampled on identical days on experimental diets (Fig. 1) , the groups were stagger started to accommodate the limited availability of metabolism stalls (9 stalls were used at a time). Therefore, the heavy block of steers was started on study diets 11 d before the light block of steers. Steers were adapted to their assigned study diet for 9 d in individual pens and then moved indoors (on d 10 of each period) to the Kildee Hall animal metabolism facility on the Iowa State University campus. Steers were adapted to individual metabolism stalls (213.4 [length] by 182.9 [height] by 91.4 [width] cm) for 5 d. Beginning on d 15 of each period, following diet and stall adaptation, a 5-d (d 15 to 20) total collection of urine and feces occurred for the determination of diet digestibility (DM and OM) and mineral balance as described by Pogge et al. (2014) .
After the completion of the metabolism trial, steers (384 ± SEM 11.9 kg) were transported 7.4 km back (on d 20 of each period) to their outdoor, individual pens at the Iowa State University Beef Nutrition Research Unit and fed their respective diet for an additional 56 d to determine diet effects on performance. Steers were im- 5 Sodium sulfate was included at 1.38% of diet, at the expense of dried distillers grains with solubles, to achieve the targeted S content (0.5% S) of the diet.
6 Ferric ammonium citrate (Thermo Fisher Scientific, Waltham, MA) was included at 0.15% of the diet to contribute 300 mg ferric Fe/kg DM. 7 Crude protein, NDF, and NEg were calculated based on NRC (1996) values for each ingredient.
8 Molybdenum concentrations of composited total mixed ration samples were determined by Dairyland Laboratories (Arcadia, WI) according to Association of Official Analytical Chemists (1999) methods.
planted with Component E-S with Tylan (donated by Elanco Animal Health, Greenfield, IN) at the start of the performance trial. Average daily gain for the 56-d period was calculated from the average of 2 consecutive day BW collected on d 22 and 23 (initial BW) and d 78 and 79 (final BW). From each steer, ruminal H 2 S concentration was measured 6 h postfeeding on d -1, 9, 23, 31, 41, 51, 61, and 72 using toxic gas detector tubes and a volumetric gas sampling pump (Kitagawa America, Pompton Lakes, NJ) as described by Drewnoski et al. (2012) .
Analytical Procedures
During the metabolism stall adaptation and the 5-d collection period, feed was offered once daily at 1000 h and steers received 110% of the previous day's intake. Feed offered and refused for each steer was measured daily. During each period a daily composite of feed ingredients and total mixed ration for each treatment was collected and separately stored. The feed ingredients, total mixed rations, and daily ort samples that were collected were dried at the end of each period in a convection oven at 70°C for 48 h.
Before use during the collection period, all plastic containers were acid washed in 10% HCl and metabolism stalls thoroughly cleaned to limit contamination as described by Pogge et al. (2014) . During the 5-d collection period, feces and urine were collected and sampled, and a 5% aliquot of feces and urine was retained according to methods described by Pogge et al. (2014) . Steers were removed from their stalls following the 5-d collection period, and each stall was thoroughly scraped of all fecal matter to ensure total collection. Fecal and urine aliquots were pooled for each steer in a given period. Pooled fecal samples were dried in a convection oven at 70°C for 48 h. Dried samples (feed, orts, and feces) were ground in a Wiley Mill (Thomas Scientific, Swedesboro, NJ) to pass a 2-mm screen and stored in sealed, plastic containers at room temperature until further analysis. Feed, ort, and feces were analyzed for DM and OM using Association of Official Analytical Chemists (1999) procedures. The digestibility of DM and OM were calculated by subtracting the DM or OM adjusted total fecal output from the DM or OM adjusted total feed intake, dividing by the DM or OM adjusted total intake, and multiplying the value by 100. Jugular blood was collected from each steer on d -1, 41, and 72 into 7 mL trace mineral potassium-EDTA vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) and transported to the laboratory on ice. Samples were centrifuged at 1,000 × g for 20 min at 4°C, and plasma aliquots were stored at -20°C before analysis. From each steer, a liver biopsy was collected on d -1 and 72 using the method of Engle and Spears (2000) , and liver samples were dried at 70°C before analysis of trace minerals.
Feed, fecal, and liver samples were acid digested (MarsXpress; CEM Corporation, Matthews, NC) with 9 (feed and feces) or 5 mL (liver) of trace metal grade nitric acid and brought to a final volume of 100 (feed and feces) or 25 mL (liver) with deionized water and analyzed for Cu, Fe, Mn, S, and Zn by inductively coupled plasma atomic emission spectrometry (Optima 7000; PerkinElmer, Waltham, MA). Urine samples were diluted 1:5 with 2% nitric acid, while no additional dilution was required for feces or feed samples. Plasma samples were prepared and analyzed according to the methods of Pogge and Hansen (2013) . A National Institute of Standards and Technology (Gaithersburg, MD) bovine liver sample was included in each session to verify instrument accuracy. Daily mineral intake, orts, fecal output, and urine output were determined by dividing total amounts measured over the 5-d collection period by 5. Mineral retention was calculated by subtracting the mineral excreted from mineral consumed for each steer. The percent mineral retained was calculated by dividing the daily mineral retained by the mineral intake and multiplying by 100. The percent of apparent mineral absorption was calculated by subtracting fecal mineral from consumed mineral, divided by consumed mineral, and multiplying by 100. To account for differences or variability in DMI and therefore mineral intake, due to the S content of diet, the daily excretion of mineral in feces and urine was also calculated as a percent of daily mineral intake. Sulfur intake is reported, but S balance was not calculated, as the quantity of S exiting the body as H 2 S cannot be accounted for in this experiment.
Statistical Analysis
Data were analyzed by ANOVA as a completely randomized block design using Proc MIXED of SAS (SAS Inst. Inc., Cary, NC). The model for single time point analyses included the fixed effect of treatment, while steer block (heavy or light) was considered a random effect. Dry matter intake (within phase 1 or 2) and H 2 S concentrations were analyzed as repeated measures, including the fixed effects of treatment, time of sampling, and the interaction, with the random effect of steer block (heavy or light). Day was the repeated effect for DMI phase 1 and H 2 S concentrations, while week was the repeated effect for DMI during phase 2. Hydrogen sulfide data were log transformed because of nonhomogeneity of variances, and data presented are the back-transformed means. Steer was the experimental unit for all analyses (n = 6/treatment). The default covariance structure, variance components, was used for all repeated measures analyses. Initial plasma and liver mineral concentrations and H 2 S concentrations were used as covariates. Significance was declared at P ≤ 0.05 and tendencies were declared from P = 0.06 to 0.10. The values reported in the tables are least squares means and differences among means were determined using the PDIFF statement in SAS.
RESULTS

Phase 1: Metabolism Trial (Day -1 to 20)
Dry matter intake, diet digestibility (DM and OM), and fecal and urine output are presented in Table 2 . During the collection period, DMI was greater (P = 0.02) for CON than HS and HS+Fe, which did not differ (P = 0.87). Dry matter and OM digestibility (P ≥ 0.12) and urine output (P = 0.89) were not different as a result of dietary treatment. Fecal output tended (P = 0.06) to be greater in the CON steers than the high S steers, which were not different (P = 0.83).
Mineral balance data in milligrams per day are reported in Table 3 . By design, Fe intake was greatest (P ≤ 0.01) in the steers consuming the HS+Fe diet compared to CON and HS treatments, but Fe intake was not different (P = 0.24) between CON and HS treatments. Because of greater DMI by CON steers, Cu, Mn, and Zn intakes were also greater (P ≤ 0.04) in CON steers than steers consuming the high S diets, while the intakes of Cu, Mn, and Zn were not different (P ≥ 0.61) between HS and HS+Fe steers. Fecal Fe amounts were greater (P ≤ 0.04) in the HS+Fe treatment compared to the CON and HS treatments, which were not different (P ≥ 0.13). Zinc concentration in the feces was greater (P ≤ 0.05) in the CON steers than the high S treatments, which were not different (P = 0.28). Manganese amount in the feces tended to be greater (P = 0.10) in the CON steers than in the high S treatments, which were not different (P = 0.76), while fecal amount of Cu was not different (P = 0.24) due to treatment.
Because trace mineral intake differed across treatments due to differences in DMI resulting from decreased intake in the treatments containing high S, mineral balance as a percent of mineral intake are presented in Table 4 . Fecal excretion, mineral retention, and apparent absorption of Cu, Mn, Fe, or Zn as a percent of intake were not different (P ≥ 0.25) due to dietary treatment. A tendency (P = 0.07) for a treatment effect was noted in urinary Cu, in which HS steers tended to excrete more (P ≤ 0.08) Cu in the urine than the CON and HS+Fe, which were not different (P = 0.74). Urinary excretion of Fe, Mn, and Zn as a percent of intake were not different due to treatment (P ≥ 0.42). Table 5 . Body weights, ADG, and feed efficiency did not differ among treatments (P ≥ 0.29). During this 56-d time period, DMI was approximately 0.96 to 1.46 kg/d less (P ≤ 0.01) in HS+Fe steers than HS and CON, respectively, but DMI was not different (P = 0.13) between CON and HS steers. Based on repeated measures analysis, ruminal H 2 S concentrations were greater in the steers fed high S diets than the CON (P < 0.01), but H 2 S concentrations in the high S steers did not differ (P = 0.86) due to the addition of ferric Fe from FAC.
Plasma and liver mineral concentrations determined over the course of the trial are shown in Tables 6 and 7 , respectively. The concentrations of Fe, Cu, and Zn in the plasma were not affected (P ≥ 0.27) after 72 d of consuming diets. Liver concentrations of Fe, Mn, and Zn were not altered due to treatment (P ≥ 0.28). However, steers fed the CON had greater (P < 0.01) liver Cu concentrations than those fed the high S diets, which did not differ due to the inclusion of FAC (P = 0.44).
DISCUSSION
Cattle may be exposed to greater concentrations of dietary S by the inclusion of ethanol industry coproducts or other high S feedstuffs, high sulfate water, or a combination of the two. Sulfate that enters the rumen is metabolized by SRB to sulfide and H 2 S, with greater concentrations of H 2 S resulting when the ruminal pH is below the pKa for H 2 S of 7.04 (Kung et al., 1998; Schoonmaker and Beitz, 2012) . Typical feedlot diets traditionally contain greater inclusions of rapidly fermentable carbohydrates and lesser amounts of roughage, resulting in a lesser ruminal pH and thus contributing to increased H 2 S production (Kung et al., 1998; Schoonmaker and Beitz, 2012) . Eructation of the H 2 S produced in the rumen is a danger, as Dougherty and Cook (1962) identified that 70 to 80% of eructated H 2 S is inhaled by the animal. The inhaled gas then gains entry into the blood stream by alveolar diffusion and can exert negative effects within the brain, such as the lesions characteristic of PEM (Gould, 1998) . The S content of distillers grains has been reported 1 CON = control diet (0.21% S); HS = high S (CON + sodium sulfate diet [0.51% S]); HS+Fe = HS diet plus 300 mg Fe/kg DM (as ferric Fe from ferric ammonium citrate; 0.51% S).
2 Based on percent of daily mineral intake.
to vary between 0.3 to 1.7% (Buckner et al., 2011; Kim et al., 2012) , which is likely due to differences in the fermentation processes among ethanol plants. However, the variability in the S content of the coproduct is a limiting factor to its inclusion in cattle diets (Klopfenstein et al., 2007) ; therefore, it would be favorable to find a feed additive to limit H 2 S production, allowing this feedstuff to be fed at greater inclusions. In addition to sulfate reduction, SRB are able to reduce other metals, such as Fe (Barton and Fauque, 2009) . Given this action by SRB, it was hypothesized that the SRB in the rumen would reduce ferric Fe (of FAC) to ferrous Fe, which could then also bind sulfide in the place of hydrogen, and that the ferrous sulfide precipitate that is formed would be insoluble through the remainder of the gastrointestinal tract . Thus, the binding of ferrous Fe to sulfide may limit H 2 S production and the antagonistic binding of S with other trace minerals, such as Cu. Drewnoski et al. (2014) reported a decrease in H 2 S production with FAC supplementation to high S diets; however, in the present study, there was no effect of FAC supplementation on H 2 S production in relation to the HS steers. Because FAC is photosensitive (Abrahamson et al., 1994) , the laboratory grade FAC that was used in the present study may have been partially reduced to ferrous Fe by exposure to UV light in the feed bunk, thus limiting the efficacy of FAC to mitigate H 2 S production. Drewnoski et al. (2014) evaluated the potential of ferrous Fe, in relation to ferric Fe, during an in vitro incubation using high S ruminal fluid and substrate and determined that ferrous Fe was less successful at decreasing H 2 S concentrations than the ferric Fe.
Since the quantity of H 2 S produced in the rumen is dependent on ruminal pH, increasing the inclusion of roughage in cattle diets and a decreased DMI are 2 factors that may result in a higher ruminal pH, potentially limiting the production of H 2 S (Robinson et al., 1986; Kung et al., 1998; Schoonmaker and Beitz, 2012; Morine et al., 2014) . Morine et al. (2014) evaluated differing inclusion rates of roughage, from 5 to 17% (4 to 13% added NDF from roughage) of diet DM, fed to yearling steers consuming a 0.46% S diet for 84 d and reported a linear decrease in ruminal H 2 S concentration and a corresponding increase in ruminal pH as the inclusion of roughage increased. In the present study, 20% soyhulls was included in the diets, in addition to 12% hay, which is greater than the typical roughage inclusion in feedlot diets of 6 to 8% (Vanness et al., 2009 ). While ruminal pH was not evaluated in the present study, Morine et al. (2014) showed that ruminal pH and H 2 S concentrations appear to be negatively correlated and it is possible that the limited effects of increased dietary S on steer performance in the present study may be due to a greater ruminal pH than is typically found in feedlot cattle. In the present study, increasing the NDF content of the diet through increased inclusion of both hay and soyhulls may have lessened the production of H 2 S, which may help explain why FAC had no impact on H 2 S concentrations in the present study, even though Drewnoski et al. (2014) demonstrated that ferric Fe supplementation in high S diets in vivo resulted in decreased ruminal H 2 S concentrations. While increasing the forage content of the diet may be useful toward limiting the production of H 2 S, cattle performance and feed efficiency may be hindered. a,b Means with differing superscripts in a row are different (P < 0.05).
1 CON = control diet (0.21% S); HS = high S (CON + sodium sulfate diet [0.51% S]); HS+Fe = HS diet plus 300 mg Fe/kg DM (as ferric Fe from ferric ammonium citrate; 0.51% S).
2 Week (P < 0.001) and treatment × week (P = 0.99).
3 Day (P = 0.12) and treatment × week (P = 0.40).
4 Initial values used as a covariate in analysis. Because SRB are able to reduce other metals, such as Au, Cr, Fe, Mn, Mo, and Se (Barton and Fauque, 2009 ), other researchers have investigated the use of micro-ingredients as a means to bind ruminal sulfide or increase ruminal pH to mitigate H 2 S production in feedlot diets containing ethanol coproducts or high sulfate water. Some of these mitigation strategies include the supplementation of manganese oxide (Kelzer et al., 2010) , clinoptilolite (a clay mineral; Cammack et al., 2010) , and basic copper chloride or monensin (Felix et al., 2012a,b) , Mo (Kessler et al., 2012 ), or FAC (Drewnoski et al., 2014 . Limited success has been observed with any of these compounds; however, FAC has been successful in decreasing the concentration of ruminal H 2 S resulting from high S diets both in vitro and in vivo .
Dry matter intake during the metabolism trial was not affected by dietary Fe concentration, but DMI was decreased by increased dietary S. Dougherty et al. (1959) indicated that increasing concentrations of H 2 S in the rumen decreases rumen motility. Therefore, greater ruminal sulfide and subsequent H 2 S production in cattle consuming the high S diets may be decreasing ruminal motility, slowing passage rate, which could explain the decreased DMI often observed with high S diets. While DMI during the metabolism trial was lesser in steers fed the high S diet, the diet digestibility was not affected by the diet S content. Nor was diet digestibility affected by the addition of FAC to the diet, which is similar to in vitro results reported by Drewnoski et al. (2014) , where the addition of Fe from FAC (19 to 149 mg Fe/L) to ruminal fluid did not alter the disappearance of DM.
In contrast to the metabolism trial results, DMI of CON and HS steers during the 56-d performance trial were not different, but a depression in DMI was noted with the addition of FAC to the HS diet. Standish et al. (1969) indicated supplementing 400 mg Fe/kg from FeSO 4 did not affect steer DMI over 84 d compared to a nonsupplemented treatment. Additionally, supplementing Fe from FAC to a high S diet at rates of 0, 200, 300, or 400 mg Fe/kg DM did not affect DMI of ruminally cannulated steers over an 11-d period . Therefore, the concentration of Fe used in the present study (300 mg ferric Fe/kg DM) was not expected to decrease DMI and it is unclear why this occurred. Further work is needed to clarify the performance response of cattle when fed high S diets with or without FAC, as limited animal numbers were used in this study.
In cattle, the maximum tolerable concentration of dietary Fe has been established at 500 mg/kg DM, as this concentration of Fe has been shown to negatively affect the Cu status of ruminants (NRC, 1996) . The presence of greater quantities of Fe in the diet can induce a downregulation of intestinal transporters, such as divalent metal transporter 1 (Hansen et al., 2010) , and thereby decrease absorption of Cu, Mn, and Zn (Solomons, 1986; Suttle, 2010) . The formation of ferrous sulfide in the rumen and the unlikely occurrence of this compound becoming soluble in the gastrointestinal tract may limit the absorption of Fe and its interaction with other minerals in the small intestine. Therefore, it was hypothesized that the addition of 300 mg ferric Fe/kg DM from FAC to diets of cattle would not alter the apparent absorption of Cu, Mn, or Zn in cattle consuming a high concentrate, high S diet, and no differences were observed in the present study. While Fe did not affect apparent absorption, increasing the concentration of S in the diet decreased trace mineral intake (Cu, Mn, and Zn), which is due to a lesser DMI by steers consuming the high S diet. Gooneratne et al. (2011) indicated that diets containing high concentrations of Mo and S increased Cu excretion in the urine of beef heifers, which is likely the result of greater thiomolybdate excretion. In the present study, the addition of FAC to the high S diet, which contained only moderate amounts of Mo (<1 mg/kg DM), decreased the percent of Cu excreted in the urine to values comparable with the CON. This may suggest that ferric Fe (from FAC) is limiting the availability of sulfide for formation of copper sulfide or thiomolybdate in the rumen, through SRB reduction of ferric Fe and subsequent iron sulfide formation.
In a similar experiment, mineral balance of steers consuming a low (0.24%) or a high S (0.68%) diet for 20 d was determined (Pogge et al., 2014) , in which the consumption of a high S diet decreased the retention of Cu, Mn, and Zn. In contrast, trace mineral retention in the present study was not hindered by a greater quantity of S in the diet. The high S diet of the present study contained 0.17% less S and approximately 6% more hay (diet DM basis) than the diet reported by Pogge et al. (2014) , suggesting ruminal pH was likely greater in the present study. Additionally, the lesser DMI by the high S treatments than the CON may have contributed to a greater ruminal pH during the metabolism trial. These differences may have had a protective effect on trace mineral absorption, as a lesser ruminal pH encourages minerals to enter solution (Spears, 2003) , thereby increasing their availability to bind to sulfide and subsequently be less available for absorption by the animal. The interaction of S with Cu or Fe can form metal sulfides (Suttle, 2010) , which limits the availability of these trace minerals for absorption, use, and storage by the animal (Bremner and Young, 1978; van Ryssen et al., 1998; Suttle, 2010; Spears et al., 2011) . The antagonism of Cu by S is likely a contributing factor to the near 2-fold decrease in liver Cu concentration in the present study after steers consumed a high S diet for 72 d. This decrease in liver Cu concentration after 72 d may support the need for greater Cu supplementation when cattle consume a high S diet long term, as typical feedlot cattle are on feed for greater than 72 d. Providing a Cu source that bypasses the gastrointestinal tract, such as an injectable mineral (Pogge et al., 2012) , or one that has minimal rumen solubility, such as basic copper chloride (Genther and Hansen, 2013) , may be an ideal method to overcome this antagonism. In the present study, no effects of supplemental Fe on liver Cu were observed after 72 d, even though Fe has been demonstrated to be antagonistic toward Cu absorption and storage in the body (Standish et al., 1969; Phillippo et al., 1987) . The liver concentrations of Fe and Mn were not different over the 72 d study, indicating minimal effects on Fe or Mn metabolism when FAC was supplemented in the diet.
In conclusion, the results of this experiment suggest that supplementing FAC at 300 mg Fe/kg DM to a diet containing 0.51% S does not impact diet digestibility (DM and OM), H 2 S concentrations, or trace mineral status (plasma or liver) relative to the HS diet alone. The industry-wide application of ferric Fe to negate the negative effects of dietary S will depend on the development of a shelf stable, ruminally soluble ferric Fe source.
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